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CHAPTER I 
INTRODUCTION 
Whenever a material has been previously exposed to 
irradiation Ce.g., x-rays, (3-rays, etc.>, part of the irra-
diation energy is transferred from the irradiating source 
to the material through interaction between the incident 
source beam and atoms of the exposed material •. After the 
exposure, the energy received may stay in the material for 
a long time. However, this energy can be released by 
providing a suitable amount of heat. When the discharge 
happens luminescence phenomena follow. In other words, the 
energy can be released in the form of visible light. This 
release of visible light by thermal stimulation following 
irradiation is known as Thermoluminescence <TL>. The TL 
.intensity versus read-out temperature is called a "glow 
curve". 
Based on the above outline, any material which 
possesses a high sensitivity to irradiation (by 
sensitivity, I mean that when a material gives a strong TL 
signal when subjected to a radiation exposure> can be 
utilized to make a radiation dosimeter. Often, the 
intensity of TL from the material is proportional to the 
radiation received. By comparing the signal indicated on 
1 
2 
such a dosimeter with a well-established irradiation-dose 
relation, we can tell precisely the level of dose received 
by the material of interest. Therefore, TL dosimetry has 
found wide application in the medical service, and in the 
nuclear power industry; indeed, anywhere where there is a 
suspicion that a radiation field may exist. 
To be useful as a radiation dosimeter, a material of a 
wide energy band gap with stable chemistry will be favored 
( 1 ] • From the Periodic Table, it is readily seen that the 
alkali halides meet such a demand. Especially, LiF has a 
relatively bigger band gap c~14 ev> than other compounds 
from the alkali halides. In addition, its high 
sensitivity, its human tissue-equivalence, as well as the 
fact that it is durable, resistent to corrosion and wear, 
and hardly soluble in water make LiF one of the most widely 
used dosimeter materials. 
However, there are some problems with LiF which affect 
its role as a dosimeter. Fading is one of them. Julias and 
0 
de Planque C2J found that at low storage temperature <<50 
C.>, the decrease in TL signal obtained on samples stored 
for varying periods before irradiation was similar to the 
signal loss obtained from those samples stored for the same 
periods but after irradiation. The fading of TL signal 
after irradiation may be partially due to the same 
processes that occur during fading before irradiation. The 
similarity between the two cases strongly indicates that 
it is the defects distribution itself which is changing 
during the storage time. Specifically, the concentration 
variation with time of the defects responsible for TL 
signal in LiF:Mg is the main subject of this thesis. 
To accomplish this work, optical absorption <DA>, 
Thermally Stimulated Depolarization Currents <TSDC> and 
Photoluminescence <PL> will be used to establish correla-
tions with the TL measurements. It is results of these 
measurements that form the main framework of the thesis. 
3 
CHAPTER II 
THEORETICAL BACKGROUND 
Crystal Structure of LiF 
LiF is an ionic crystal with an f.c.c. structure. Its 
unit cell <Figure 1> consists of two interpenetrating f.c.c. 
+ 
lattices; one for F , the other for Li • The atomic struc-
2 1 2 5 
ture is ls 2s for the Li atom, ls 2s2p for the F atom. So 
the F atom has a tendency obtaining an extra electron, with 
Li atom losing its valence electron. When this process gets 
finished actually, an electron is exchanged between the two 
atoms. As a result, both atoms are ionized to form a LiF 
molecule. The energy which is required to remove the elec-
tron is called "ionization energy", whereas, the energy to 
receive an electron is commonly termed "electron affinity". 
The energy necessary to form this LiF molecule is 
called "formation energy", which is the difference between 
the ionization energy of the Li atom and the electron 
affinity of the F atom. The coulombic potential energy 
between the two ions is about 14.4 ev. The formation energy 
of the LiF molecule is about 1.8 ev. Since 14.4 ev >> 1.8 
ev, the LiF molecule is consequently very stable under 
normal conditions. 
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Figure 1. f.c.c. Structure of LiF 
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o Li ; • F 
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Defects in LiF:Mg.Ti 
The most common impurities are divalent metal ions. 
2+ 
6 
In TL dosimetry, Mg ions are most often used as an inten-
2+ 
tional dopant. Mg enters the LiF crystal by substitu-
+ 
tionally replacing Li For the sake of electrical charge 
2+ 
neutrality, as one Mg is introduced, one extra cation 
vacancy has to be present <Figure 2). The vacancy will 
behave electrically as an effective negative charge. Due 
2+ 
to the presence of the Mg ion and the vacancy, various 
forms of defects are formed in the crystal. The situation 
for each of these defects will be described as follows. 
2+ 
Substitutional Mg ion which interacts with the charge 
compensating cation vacancies give rise to the impurity-
vacancy <I-V> dipoles <Figure 3>. Thermodynamic equilibrium 
2+ 
exist among free vacancies, Mg ions and the dipoles. The 
dipole is a mobile defect. The motion of the dipole in the 
lattice take place through two ways. They are: 
1) Reorientation of the dipole. In this case, the 
activation energy for the vacancy jump around the impurity 
is about 0.6 ev. 
2+ 
2) Exchange between the impurity Mg and the cation 
vacancy. In this case, the movement of the dipole is done 
with activation energies which are usually higher than that 
in case 1>. 
2+ 
Surrounding the Mg ion, the vacancy can be either in 
7 
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n.n. or n.n.n. positions. The former is dominant for 
impurity ions larger than the host cation [3] and [4J. In 
the case of n.n., there will be 12 such positions for vacan-
cies. In the case of n.n.n., there will be 6 positions. In 
LiF:Mg, both n.n. and n.n.n. are present. The formation 
energies of the two are nearly equal [lJ. The configura-
tions of the two situations are shown in Figure 4 and Figure 
5, respectively. 
However, the vacancy which is part of the dipole can be 
somewhere else instead of n.n. or n.n.n. [lJ. Since the 
interaction within the dipole is coulumbic, the potential 
energy changes significantly as the separation between the 
2+ 
Mg ion and the vacancy varies, expecially 
2+ 
when the vacancy 
stands farther away from the Mg 
-1 
ion. The potential drops 
as r Therefore, a distant vacancy can be hardly 
considered to still have an appreciable interaction with the 
2+ 
Mg ion particularly at low temperature. Consequently, 
models of dipoles consisting of either n.n. or n.n.n. will 
be used throughout this thesis, unless otherwise stated. 
The association of two dipoles can form a "dimer". The 
dimerization process happen basically due to the fact that a 
free dipole is a rather mobile defect and it can diffuse 
through the crystal. Additionally, when two free dipoles 
approach each other during the diffusion, they join together 
to form a single body, or a dimer, due to the couloumbic 
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12 
potential. The experimental evidence for the existence of 
the dimer was reported by Unger and Perlman [5J. However, a 
dimer is unstable as the binding enthalpy of the dimer was 
found to be very small in 
2+ 
NaCl:Pb it is ~0.13 ev 
a number of materials. For 
2+ 
and for NaCl:Ca < 0.02 ev [6J 
and [7J. Several possible configurations for a dimer are 
shown in Figure 6 [8J. 
Simultaneous encounter of three dipoles can form a 
"trimer". The binding energy of the trimer for LiF.MgF is 
2 
about 0.95 ev [9J. Again, coulombic interaction causes 
these dipoles to cluster together to form a single body. 
The concentration of the trimers depends upon the thermal 
history of the material. Experimentally, it is possible to 
obtain a particular content of trimers by the application of 
some special annealing treatments which will be described 
later. In analogue to the dimer, there are several proposed 
configurations for the structure of a trimer and they are 
shown in Figure 7 [8J. 
The aggregation of six dipoles forms a "precipitate". 
The structure of the precipitate, shown in Figure 8, was 
originally determined, using x-ray diffraction techniques, 
by Suzuki [lOJ for 6 NaCl.CaCl 
2 
Lilley and Newkirk [llJ 
found that the precipitation of the phase 6 LiF.MgF 
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Figure 8. 
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16 
occurred in LiF/MgF system in crystals which contain about 
2+ 2 
450 mole ppm Mg dopant. One of their conclusions is that 
the effect of the precipitation on the TL response can be 
significant. Finally, the configuration of 6 LiF.MgF is 
2 
shown in Figure 9. 
* Ii=~~l~!~Q_Q~f~£1§_iii_l 
4+ 
Ti is an essential component of LiF:Mg.Ti in TL 
dosimetry. 
4+ 
Due to the charge neutrality requirement, Ti 
can be bound to three cation vacancies at near-neighbor 
positions, or to three OH 
-1 -1 
or three 0 
-1 2 
ions, or to a 
-1 
combination of cation vacancies, 0 and OH ions [12J. 
2 
In TLD-100, it is assumed that such defects are well 
dispersed during crystal growth and the mobility of the 
2 
defect is low compared with that of the Mg -related defects. 
Tradi~ionally, an optical absorption band at 200 nm is 
believed to be caused by Ti-OH [12J. 
In summary, I-V dipoles, dimers, trimers and precipi-
2+ 
tates are major defects associated with Mg impurity. Due 
to the presence of these defects, the fading of TL may take 
place. Because these defects probably act as "traps" in 
TL, then, as the relative concentrations of these defects 
are altered, changes in TL are expected. 
One way to study the defect structure is by ionic 
conductivity. The measurements made with this technique can 
highlight the temperature regimes within which one particu-
lar defect predominates over another. In Figure 10, ionic 
17 
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2+ 
NaCl=Mg ;10 ppm [l] 
18 
-i 
19 
conductivity versus temperature is illustrated for 
Nacl:Mg. 
regions. 
As seen from the figure, these are generally five 
They are: 
1 ) Region I: intrinsic conductivity found at high 
temperatures. Thermally generated free vacancies dominate. 
2) Region II: extrinsic conductivity, where associa-
tion between divalent cation impurities and vacancies is 
negligible. Impurity related free vacancies dominate. 
3> Region III: association region in which vacancies 
and divalent ions form predominantly n.n. or n.n.n. I-V 
dipoles. 
4) Region IV: aggregation and precipitation will 
occur. At first, as the temperature is lowered, more vacan-
cies will associate with impurity ions. 
increase in activation energy follows. 
As a result, an 
Further decrease in 
temperature will cause the concentration of impurities in 
the crystal to exceed the solubility limit and precipitation 
is produced. 
5) Region V: low temperature association was also 
reported [lJ. This region can extend to room temperature. 
Figure 11 is also provided here for further 
illustration. 
Clustering Relations and Rate Equations 
Several chemical reactions can take place due to the 
presence of the defects described above. The reactions may 
affect TL, expecially the fading of TL. Taylor and Lilley 
I 
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Figure 11.Schematic Plot of Ionic Conductivity 
-1 
Versus T 
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20 
21 
C13J for the first time pointed out that this fading is due 
to the clustering of Mg-defects. Since then, a great deal 
of effort has been made to understand the mechanism of the 
clustering process. The long-existing controversy concerns 
whether or not the clustering process is a pure second-
order dimer formation or a pure third-order trimer forma-
tion reaction. The problem originated from the observed 
decay of I-V dipoles with time, as shown in Figure 12, in 
which the decay proceeds at different rate in three 
regions. They are: 
1) An initial decay; 
2> A "plateau", or nearly constant region; 
3) A further decay. 
In the case of 2), a possible explanation is that 
the following reaction occurs in which dipoles are directly 
converted into trimers: 
2+ - 2+ - 3 
3CMg v ] CMg v ] ( 2. 1 ) 
where 
2+ -
[Mg v ] = a Dipole, 
2+ - 3 
CMg v ] = a Trimer. 
In the case of 3), the region consists of further 
aggregation into high-order complexes and is found to follow 
a third-order law: 
22 
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However, main controversies still exist about the 
23 
<2.2> 
explanations of the first and the second stage. During the 
first stage, dipole decay is fast. Dryden, Cook and Harvey 
[14J and [15] were the first to analyze the kinetics of 
dipole aggretation of several divalent impurities in NaCl 
and KCl using the dielectric absorption technique. Thev 
concluded that the initial stage of the aggregation process 
was governed by a third-order kinetics law. This finding 
is equivalent to considering that the first aggregation 
product is a trimer formed directly from three d'ipoles. 
This result is rare since even in the gas phase the 
probability of three-body encounter is low compared with 
that of two-body encounter. Later, Crawford [16J proposed 
an alternative which finally leads to third-order kinetics 
through an intermediate s~age. The two-stage reaction is: 
a) Two dipoles form a loosely bound dimer. 
b> Subsequently, the dimer captures a third dipole to 
form a trimer. 
McKeever and Lilley [16J agreed with Dryden about the 
second stage kinetics and both thought the plateau is the 
equilibrium between dipoles and trimers. Furthermore, they 
obtained additional evidence that if the dimerization 
process indeed occurred, it did so at the very beginning of 
the first stage. 
Unger and Perlman [17] and [18] analyzed the original 
data of Dryden's as well as their own. The conclusion was 
24 
that a pure second-order reaction governed the first and the 
second stages of the aggregation provided that the back 
reaction of the following reaction was considered. 
where 
2+ -
2CMg V J 
2+ - 2 
2+ - 2 
C Mg V J 
(Mg V J = a Dimer 
Unger and Perlman also pointed out that a mistake 
<2.3> 
Dryden had made was in the neglect of the back reaction of 
the reaction <2.1>. According to their opinion, the back 
reaction is always important and has to be taken into 
account when experimantal data are analyzed. 
A third group headed by Hartmanova, Thurzo and 
Besedicova (19J performed some similar experiments. The 
results obtained made them propose that the dimer are the 
initial product in the aggregation process. The detailed 
study and excellent analysis made their conclusions quite 
convincing. However, the exact kinetics of the initial 
stage is still contradictory. 
In general, a clustering process in which n dipoles 
combine to form an n-mer can be expressed by the following 
reaction: 
2+ -
n(Mg V J 
K 
K 
2 
1 2+ - n 
CMg V J , ( 2. 4) 
25 
where n is number of fr~e dipoles; K is forward reaction 
1 
rate constant; and K is back reaction rate constant. 
2 
K and K affect the concentration of dipoles at this 
1 2 
stage [20]. The rate equation governing this process is: 
dx n 
= K X + K X (2.5) 
dt 1 2 n 
where X is concentration of n-mers; X is concentration of 
n 
free dipoles. With the condition X + NX = X 
X is initial concentration of dipoles. 
0 
n o 
where 
These are two special cases. They are described separately. 
The Equation <2.5) reduces to: 
dx 
dt 
where C 
3 
= c x 
3 
2 
+ c x 
4 2 
is forward reaction rate constant; C 
4 
<2.6) 
is back 
reaction rate constant; X is concentration of free dipoles; 
X is concentration of dimers. 
2 
Equation <2.6) is good under the following assumptions: 
1) The formation and disassociation of trimers is 
negligible. 
2> The concentration of trimers is neglected. 
3) The plateau region in the dipole-decay curve is 
obtained for XIX >> 1/3. 
0 
Under these conditions, the solution to equation <2.6) 
26 
wi 11 be: 
ln[Cn-b)/(n-a)J = Ca-b)C t + ln[(n -b)/(n -a>J, ( 2. 7) 
1 0 0 
where 
a = X the equilibrium concentration of free dipoles; 
s 
and 
b =-XX /CX - X >. 
0 s 0 s 
So, if the kinetics are second-order, a plot of ln[(n-b)/(n-
a)J versus twill yield a straight line. 
In this case, Equation (2.6> reduces to: 
dx 
= 
dt 
c x 
5 
3 
+ c x ' 
6 3 
( 2. 8) 
where X 
3 
is concentration of trimers; C 
5 
is forward reaction 
rate constant; C is back reaction rate contant. 
6 
With the conditions 
1) x + 3X 
3 
I 
= X ; 2> X is 
0 2 
negligible; 3> X<t=o) = 
X ; 4) At the plateau the equilibrium condition is: 
0 
c x 
5 s 
3 
= c 
6 
( x - x ) /3' 
0 s 
under these conditions, the solution to Equation (2.8> is: 
ln<X-a> = C tX 
5 s 
2 
C3X -2a)/(X -a) + 
0 0 
ln(X -a) 
0 
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So if the kinetics of clustering are third-order, a plot of 
ln<X-a> versus the annealing time t will give a straight 
line. 
An important factor affecting the concentration of 
dipoles is the rate constant, as can be seen from Equation 
(2.5>. The detail of such an excellent analysis was given 
by Riveros and co-workers [20]. They also established 
criteria according to which the neglect of one of the two 
terms in right side of Equation C2.5> can be made. They 
came to the convincing conclusion that dimers are indeed 
formed during the earlier stage of aggregation from their 
experimental data. 
In summary, it seems that all evidence indicates the 
formation of dimer is in the very initial stage' and soon 
the formation of trimer follows up to the plateau where 
equilibrium state between trimers and dipoles is reached. 
A final word about dipoles, trimers, and dimers is 
that the binding energy of them will determine their 
stabilities. Since in general each of these defects is in 
a metastable state, the greater the formation energy, the 
more stable the defect is. Trimers have a formation energy 
about 1.00 ev [21]; dimers have a 0.02~0.13 ev [22] and 
dipoles have ~o.37 ev [23]. Therefore, generally speaking, 
a trimer is more stable than a dipole, and dipoles than 
dimers. 
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TL Glow Curve 
0 0 
In the temperature range 25 C. to 400 C., there are at 
least 5 TL peaks as illustrated in Figure 13. Room-
0 
temperature-irradicated TLD-100 has TL peaks at "'100 C. 
0 0 
<peak 2) ' "'148 c. <peak 3) ' "'184 c. <peak 4>, and 
0 0 
"'210 c. <peak 5) ' at heating rate of 1 /S [ 24]. 
2+ 
The TL peaks have been related to Mg -type defects 
such as dipoles, trimers, etc. for decades. Initially, 
Jackson and Harris [25J found an apparent correlation 
between the decay of peaks 2 and 3 and the DA band at 380 nm 
<Figure 14>, and between peaks 4 and 5 and the band at 310 
nm. In an earlier time Grant and Cameron [26J investigated 
0 2+ -
the pre-irradiation isothermal (67 C.> decay of [Mg VJ 
dipoles (using dielectric loss) and of TL and found a corre-
lation between TL peak 2 and I-V dipoles. The correlation 
is shown in Figure 15. However, Taylor and Lilley [27J 
repeated the experiments performed by Grant and Cameron. 
* 4+ 
The conclusion they reached was that Ti , which is Ti 
-1 -1 
associated with 0 
2 
, OH ions and/or vacancies, is respon-
sible for TL peak 2, instead of IV dipoles. Comparison of 
Grant and Camerons's procedure with that of Taylor and 
Lilley's revealed that the annealing temperatures were taken 
differently. 
0 
In the former case, 67 
0 
c. ' 81 c. ' 
were used separately as annealing temperatures. 
0 
and 95 
In the 
c. 
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latter case, 
were used .• 
0 0 
80 c.' 170 c. ' 
0 
150 c. ' 
0 
170 
0 
C. and 190 c. 
The results of Taylor and Lilley are shown in 
33 
Figure 16. Unfortunately, the correlation of the annealing 
0 
at 81 C. was not presented by Grant and Cameron. But, that 
makes no difference, because both the decay of dipoles and 
of TL peak 2 were measured at the same annealing tempera-
ture. In other words, if the dipoles are really directly 
related to TL peak 2, then the rate of decay of TL peak 2 
should be nearly equal to the rate of decay of dipoles, 
whatever annealing temperature is chosen. Therefore, the 
questions arise, "what actually causes TL peak 2 -- I-V 
* dipoles or Ti ?" 
Similarly, what causes TL peak 5, trimers or something 
else? Careful study reveals that Taylor and Lilley did not 
2+ 
include the responsibility of any Mg -type defects for TL 
peaks 2 and 5. This can not be absolutely true for the 
properties of TL peak 2 in TLD-100 and the Ti-only doped LiF 
(peak position, annealing behavior, emission spectrum) are 
2+ 
entirely different [28J. Consequently, Mg must be 
involved in the production of the TL peak 2. The question 
now is, whether or not I-V dipoles are directly responsible 
for it? Similarly, are trimers responsible for peak 5? 
The answers to these questions are the main topics of 
this study. The previous annealing procedure used by Lilley 
and Taylor was adopted. There are two main differences. 
0 
First, after the 400 C./1/2 hr. isothermal anneal, the 
quench was carried out by dropping the crystal quickly into 
34 
liquid nitrogen, instead of dropping it onto a metal plate. 
The former can ensure a greater concentration of dipoles 
than can the latter [29J. Second, instead of annealing the 
sample at a constant temperature following the quench, the 
crystal was heated up linearly to a given temperature and 
then rapidly cooled back to room temperature. This method 
is known as "pulse annealing". The concentration of dipoles 
was then monitored by the TSDC method. 
Furthermore, .the annealing procedures used in TSDC 
experiment were identically repeated for TL and DA measure-
ments. After these measurements, we obtain a relation 
between the dipole concentration and the pulse annealing 
temperature <PAT>. Similar relationships will be obtained 
for TL and DA, as a function of PAT. Through these 
relationships, whether or not there is a correlation between 
TL peak 2 and the dipole will be clarified. 
Attention was also paid to PL measurements. Townsend 
et al [30] and Fairchild et al [31] analyzed the spectra of 
the light emitted from TLD-100 during TL production and 
found the presence of several closely-spaced emission bands 
and that the wavelength of the overall emission band 
depended upon which TL peak was being activated [28J. It 
has been believed that Ti is involved in the luminescence 
emission process in this material. Townsend et al 
suggested that Mg perturbs the emission which is caused by 
charge recombination at Ti sites [30]. In the measurements 
of the emission spectra from LiF during TL, they monitored 
35 
that the main TL peaks in TLD-100 (e.g., peaks 2, 3 and 5> 
emit at different wavelengths. The higher the peak tern-
perature, the lower the emission wavelength. They found 
these peaks to have emission maxima at ~460 nm <peak 2, 
0 0 
115 C.>; ~435 nm <peak 3, 150 
0 
C.> and ~425 nm <peak 3, 0 
c. ) . Why does this happen? Suppose the suggestion of 
Townsend and colleagues is· true, then the Mg perturbing the 
0 
emission at ~460 nm (peak 2, 115 C.> may be djfferent from 
0 
that at ~425 nm <peak 5, 200 C.>. Indeed, the possible 
correlation [26J between I-V dipoles and TL peak 2 and 
trimers and TL peak 5 reminds us that probably the dipole 
is disturbing the emission producing peak 2, and the trimer 
is doing the same for peak 5. Due to the different forms 
of the Mg, the perturbations are different accordingly. 
The variation in the perturbation finally results in the 
shift of the emission maxima during TL. Therefore, the 
correlation established by Grant and Cameron E26J is con-
sistent with the observations from the Townsend group. 
This consistency encouraged us to suggest that the same 
correlation may possibly be obtained if the annealing 
processes used in TL were repeated in PL. Since Ti-OH is 
believed to cause the DA band at 200 nm E2BJ, emission. 
spectra can be obtained if we excite the crystal at about 
200 nm. Furthermore, if dipoles and trimers do disturb the 
luminescence centers associated with Ti~OH, we can expect 
the emission spectra to be different after the sample is 
subjected to different annealing treatments. In addition, 
Delgado [32] believed that TL peak 5 is related to the DA 
band at 200 nm after he studied the effect of thermal 
treatments <quenching and annealing> on the DA and PL 
spectra of the Ti-related 200 nm absorption band. These 
studies and ideas lead us to perform PL measurements to 
establish possible correlations between PL and TL. 
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The description and discussion of the experiments form 
the basis of this thesis. 
CHAPTER III 
EXPERIMENTAL DETAILS 
Thermally Stimulated Depolarization Current 
In 1964, Bucci and Fieschi (33] introduced the 
Thermally Stimulated Depolarization Current technique which 
is a powerfull tool for studying electric-dipole relaxa-
tions in ionic crystal. Due to ionic motion, various types 
of polarizations can be formed in the crystal (lJ. Par-
ticularly in alkali halides impurity-vacancy, <I-V> dipole 
polarization has been the center of much attention, because 
it was correlated to the TL peak 2 E26J. The TSDC method 
mainly consists of the following: 
1) The sample is first polarized in a static field E, 
for a time t, at a temperature Tp. The temperature should 
be high enough such that the probability of the orientation 
of I-V dipoles is high and not too high, in order to avoid 
heavy space-charge polarizations. In alkali halides, the 
0 
suggested polarization temperature is around 0 C. (34]. 
2> The solid is cooled down to a temperature To<<Tp, 
where any ionic motion is completely prevented, then the 
field is taken off. 
3> The solid is subsequently warmed up at a constant 
heating rate , and the discharge current is registered as 
37 
38 
a function of temperature. 
When the release of the electric static energy is due 
to the relaxation of the electric dipole, the peak of the 
function iCT> corresponds to the presence of a particular 
type of dipolar imperfection in the crystal, and can give 
information as to the relaxation parameters and the numbers 
of dipoles involved in the process. 
The relaxation time of an ionic dipole is T = l exp 
( -E j I k T) • 
8 
Ej is the activation energy for dipole 
0 
reorientation, i.e., the energy barrier which divides two 
equivalent dipole orientations, A and 8 (Figure 17>. 
At temperature Tp (polarization temperature), at which 
·r <Tp> is rather short, a static electric field Ep 
(polarization field> is applied to the sample for a time 
interval tp (polarization time> much longer than '"[ <Tp>. In 
this way, dipoles are oriented to equilibrium <Figure 17>. 
The sample, with the field always on, is cooled to T <the 
f 
"frozen in" temperature>, at which 7:, is very long <since 
Tf<<Tp > . The field is turned off Cc> <Figure 18>, the 
dipoles, previously oriented remain in their preferred 
orientations, since 7: <T > is extremely long; i.e., the 
f 
polarization is frozen in. Then the sample is connected to 
the electrometer and heated at a constant rate, i.e., 
39 
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dT 
= fL The dipoles experience relaxation times which 
dt 
become shorter and shorter as they gain mobility and hence 
they attain random orientations. This means that the 
sample polarization is changing with time, i.e., according 
to Maxwell's equation, a displacement depolarization current 
j(T) is monitored Cd) <Figure 18>. The current increases 
by increasing the temperature urttil the frozen-in polariza-
tion is exhausted, hence j(T) drops to zero. The j versus 
T plot thus gives the TSDC peak. 
In this case, the reorientation of free dipoles in the 
low-concentration limit is assumed to take place without 
interacting with the other dipoles which are present in the 
crystal. Under these conditions, the time dependence of 
the polarization P<t> can be described with first-order 
monoenergetic equations: 
dP<t> p ( t) 
----- = ( 3. 1 ) 
dt 
with 7: = (; exp < -E/K T) ( 3. 2) 
- 0 8 
where lo is reciprocal frequency factor, and E the 
activation energy of dipoles for reorientation. 
The decay of polarization due to the disorientation of 
dipoles following the removal of the static electric field 
at t = 0 and temperature T, which is the solution to 
Equation <3.2>, is given by: 
-t 
P<t> = P<O> exp <-----> 
{; < T > 
43 
(3.3) 
where P<O> is the "frozen in" polarization at t = 0 and L 
<T> relaxation time defined in Equation <3.2>. Assuming a 
linearly increasing temperature from T , at a rate (3 <where 
f 
T = T + ~t), the non-isothermal equation for the 
f 
depolarization is: 
P ( t) = P ( 0) exp ( - f :-~~-- > 
( t) 
0 
and thus the current density corresponding to this 
depolarization is: 
-E 1 f T j ( T > = CP<O>I£:' J exp (-----) exp (- -----
D 0 K T 1.3 ·-
B 
. l 
0 T 
E 
<- ------> dT'> 
K T' 
B 
where all parameters remain as defined previously. 
f 
( 3. 4) 
exp 
(3.5) 
In the TSDC experiment the initial polarization is 
performed at a high temperature Tp and the sample is cooled 
down to T 
f 
During the cooling, the polarization increases 
from its value at Tp to a high value of T . 
f 
The increase 
can be considerable and depends upon the rate of cooling 
and upon E and T [35J. Normally, T which is called 
0 ef f 
the "effective" polarization temperature is defined as: 
44 
2 
-f z d. N).A F P<O> = ------- j < T > dT ( 3. 6) 
K T T D 
B eff f 
where d. is a geometrical factor which takes into account 
the possibile dipole orientations ( ~ = 1/3 for free 
dipoles and for I-V dipoles in alkali halides>; N is the 
number of dipoles present; )l is the dipole moment; F is 
the electric field; finally Tz is the temperature at which 
TSDC drops to zero after the TSDC peak. 
Equation <3.6) can be derived from the Langevin 
function [34] by the approximation of weak-fteld. 
The TSDC curve is completely described by the 
activation parameters E, -;:; and the number of dipoles N. 
0 
Nevertheless, TSDC peaks deviating from the shape 
predicted by Equation (3.5) have been reported in some 
recent works in rare-earth-doped alkaline-earth halides 
[35). 
These deviations involve mainly a breading of the TSDC 
peak, and the parameters E and l: , evaluated from Equation 
0 
(3.2>, show a systematic dependence with the impurity con-
centration. Den Hartog [35] has attributed these effects 
to dipole-dipole interactions and his group found that the 
agreement can be improved between the experimental and 
calculated curves, by assuming an activation energy 
distribution. Both a Gaussian distribution and a 
Lorentzian distribution have been proposed. 
The TSDC curve is now described with a four-parameter 
formula: 
* j 
D 
with 
F = 
(e 
= j I ( T) 
D 
-~~r 
E/ 
K T 1 
B 
0 
. F 
dE 
E 
e 
<Eo, l 0' p' 
<E-Eo> 
[ - ------
I 
o/K T 
K T 
B 
a· > dT • J 
T> 
2 
<E-Eo> 
-------
2 
p 
where j <T> remains as defined previously. 
D 
( 3. 7) 
r 1 ...... LO 
0 
F represents 
the correction factor when the dipole-dipole interactions 
are included. 
The p parameter is a measure of the dipole-dipole 
interaction strength and it depends upon concentration N. 
If only electrostatic interactions are considered, p will 
depend upon N linerarly [35J. Eo is the mean of the acti-
vation energy distribution and is supposed to be 
concentration-independent. It should therefore correspond 
to the activation energy for low dipole concentration. 
So far, no improvements have been reported regarding 
the application of activation energy distribution to 
dipoles in alkali halides. There are basically three 
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things which are expected if one uses the modified equation 
(36]. First is better agreement between experimental peaks 
and theoretical fits. Then constant values for the average 
-1 
activation energy Eo and frequency factor ?; 
0 
independent of the impurity concentration, are expected. 
At last, a correlation between p and the dipolar 
concentration N exists. 
The "effective" polarization temperature can be also 
obtained by setting <T = 1 C33J in Equation <3.2>. 
ef f 
The T is: 
ef f 
T = -E/K ln (.; (3.8) 
ef f B o 
where all parameters remained as defined previously. 
Values of E and 7: can be gotten from fitting experimental 
0 
TSDC date i.e., j CT> to Equation (3.5>. Once these two 
D 
parameters are known, the concentration of dipoles can be 
calculated from Equation <3.6>. 
From Equation <3.6>, 
P<O> 
From TSDC, the area A under j <T> can be approximately 
D 
calculated as follows <Figure 19>: with reference to Figure 
-19, I have 
u 
0 
(f) 
I-
T l!-TEMPERA T_URE (K) 
Figure 19. Approximate Calculation of the 
Area Under a Typical TSDC Peak 
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T T I I 
=j z =J 
z D max 
P<O> = A j <T>dT ----- dT = ----- AT 
D t t 
T T s s 
or 
I 
max 
P<O> = A = T ( 3. 9) 
t 
s 
where I is the height of TSDC peak; its surface area of 
max 
the sample; AT = T - T the breadth of the TSDC peak; A 
z 
the area under the j <T> curve. The dipole moment is then 
D 
estimated by using either a n.n. model or a n.n.n. model. 
Finally, from Equation (3.6>, the dipole number can be 
found, thus 
I K T 
max B eff 
N = ------------ (3.10) 
2 
oJ.. t .AA, F 
s 
The TSDC technique allows us to resolve overlapping 
peaks by following a special procedure. Suppose a 
situation in Figure 20 is encountered, i.e., three peaks 
are overlapping, and only peak 2 is wanted. Then the 
following simple steps can accomplish this provided the 
peaks are not overlapping too much. At first, start 
heating the crystal from liquid nitrogen temperature and 
proceed linearly. Halt the heating at T and stabilize the 
2 
LJ 
0 
CJ) 
l-
I ].. 
l 
,/ t-------~---__;-..__+----~---------... 
Te T.a 
(b) 
T .. 
TEMPERATURE CK) 
F1Qure 20. Demon5tr•tion of Peak Cleaning la> Before 
Cle.anin~, (b) After Cleaning 
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temperature of the sample. Then, turn on the voltage. The 
consequence of this is that those dipoles producing peak 1 
and peak 2 are polarized. But dipoles for peak 3 will 
remain in the state of random orientation, or no 
polarization. Therefore, no TSDC will occur during heating 
from T to room temperature. 
2 
nitrogen temperature again. 
Cool back from T to liquid 
2 
Now dipoles for peak 1 and 
peak 2 which are previously polarized will be "frozen in". 
Start heating again and proceed linearly. Halt heating 
when T is reached. Then cool back to liquid nitrogen 
1 
temperature <this liberates dipoles for peak 1 and they 
will remain randomized after this>. Finally, monitor TSDC 
versus temperature from liquid nitrogen to room 
temperature. The result is that a clear peak 2 is 
produced. 
The function of the cleaning technique is to obtain an 
accurate set of parameters such as E, and N. This is 
0 
because the experimental curves are assumed to be a single 
peak in the fitting program. 
Figure 21 shows the apparatus used to read TSDC data. 
The liquid nitrogen cryostat <Figure 22> can house the 
sample and is also connected to a vacuum system. The 
-6 
operational pressure is usually maintained at 4 x 10 
mbar. A temperature controller is used to keep a constant 
0 
heating rate C ~0.12 C./5). A high voltage power supply 
3 
is used to polarize the sample (usually V = 10 V. ). A 
p 
digital multimeter is used to read the temperature of the 
HP 
I 
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Figure 21. TSDC Apparatus 
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sample through a copper-constantan thermocouple. An elec-
trometer is to measure the TSDC output. A chart recorder 
is to graphically record TSDC versus warm-up temperature. 
All the TSDC data is stored via a computer with which any 
processing of the data is available. The structure of the 
cryostat is very important for the measurement. There are 
several components of it. Copper wall and bottom making up 
the sample chamber are connected to the vacuum system. A 
copper probe is acting as a positive pole for the high 
voltage. The sample LiF:Mg.Ti has aluminum electrodes on 
the top and bottom surfaces. A thermocouple that goes to 
the DMM is to show the temperature of the sample. Another 
thermocouple that displays the temperature is also designed. 
The heat is provided from the temperature controller and a 
resistance heater. Silver paint is used to provide a good 
contact between the bottom of the sample and the chamber. 
An insulation cover is equipped to close the chamber. 
A sample thickness of .4 mm is reported to be able to 
maintain 95% of the dipoles after a quench in liquid 
nitrogen following the standard annealing procedure [37]. 
3 
The physical dimension is 5 x 5 x 0.4 mm , more or less. 
Experiences show that the selection of electrode material 
will directly affect the survival of the electrode during 
thermal quench procedures. After a sequence of trials, 
aluminum proved to be good for LiF~Mg.Ti TLD-700. For a 
54 
strong adhesive attraction between the aluminum and the LiF 
sample, delicate grinding of sample by use of fine 
carborundum paper is also necessary. Immediately before 
the TSDC measurement, the sample needs to be cleaned care-
fully with acetone or alcohol. 
In general, the TSDC technique provides a straight-
forward method for a very accurate determination of the 
reorientation parameters E and -C The dependence of 
0 
relaxation time £: on temperature T for a particular 
material of interest can be easily determined. In 
addition, this technique is also highly sensitive. Very 
small dipole concentrations can be detected. 
-2 
In the case 
of LiF:Mg I-V dipoles as low as 5 x 10 ppm are still 
detectable. 
Thermoluminescence 
An ideal insulator does not have energy states within 
its energy band gap. This is due to the fact that the 
potential in the crystal is perfectly periodic. However, 
if there are impurities within the lattice, or structural 
defects occur in a crystal, the periodicity of crystal will 
break down and additional energy levels will be introduced 
within the band gap. There energy levels may be discrete, 
or they may be distributed depending upon the exact nature 
of the defect and of the host lattice. A freed electron 
can wander through the crystal and become "trapped"; that 
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is, no longer able to take part in conduction. A direct 
consequence of being trapped is that the electron possesses 
energies within the band gap. The position of these 
localized energy levels within the gap is determined by the 
amount of energy required to free the electron from these 
levels. 
An essential feature of the thermoluminescence process 
is the change in occupancy of the various localized energy 
states. These alterations in the population are 
implemented by electronic transitions from one energy state 
to another. Common electronic transitions are shown in 
Figure 23. 
The localized energy levels can act either as traps or 
as recombination centers, depending on the relative 
probability of thermal release of trapped electrons and of 
recombination of holes and electrons at that energy level. 
If the former is greater than the latter, then this level 
is classed as a trap. Otherwise, it is a recombination 
center. Similarly, the same rule can apply to holes. 
Normally, for a given temperature those centers of small E 
are more likely to be traps than centers of large E. For 
this reason, recombination centers are located towards the 
middle of the forbidden gap and traps are located toward 
the edges. In addition, it is possible to see from this 
how a center which is a trap at one temperature may become 
a recombination center at a lower temperature, and vice-
versa [39J. 
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Cd> and <g> Indirect Recombination; 
Ch> Dir~ct Recombination. E(ectron, 
Solid Circle; Electron Transition, 
Solid Arrows; Holes, Open Circles; 
Hole Transition. Open Arrows 
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Luminescence occurs when electron-hole recombination 
takes place. Band-to-center or center-to-center 
recombination are common recombination processes in impure 
insulators at normal temperatures [38J. 
Exact procedures of performing TL vary from system to 
system. Basic steps are the following: The sample 
<LiF:Mg.Ti) is prepared in the form of either powder or 
small pieces. Different annealing treatments may be 
applied at this stage. Common treatments for LiF as used 
0 
in this work: a) 400 C./1/2 hour + liquid nitrogen quench. 
This may be followed by pulse annealing to a given 
0 
temperature T. b) 400 C./1.2 hour + liquid nitrogen quench 
0 
+80 C./24 hours + pulse annealing. 
The sample is irradiated with p-rays, or r-rays and 
is then heated inside the TL cryostat. 
The heating is performed in a nitrogen atmosphere. 
achieved by first evacuating the cryostat until the 
-1 
pressure reads about 10 torr. Then fill slowly with 
nitrogen gas <the filling of N gas or any other inert or 
2 
inactive gases which have reasonably good conductivities 
ensure a uniform heating environment surrounding the sample 
and avoid the possible oxidation reactions from any element 
inside the cryostat which may also produce TL). The 
filling is stopped when the pressure reaches about 600 
torr. During subsequent heating, the TL intensi·ty versus 
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temperature, known as a "glow curve", can be obtained. 
Various models have been proposed to explain the TL 
mechanism. Two of the most common models are electron-hole 
recombination model and F-center-H-center recombination 
model. In the first model, at least two energy levels have 
to be present as shown in Figure 24. The first step is 
ionization. The radiation source offers energy k~ if 
this energy is greater than the energy band gap of LiF <~14 
ev>, ionization will occur. Freed electrons are "pumped" 
to the conduction band and are free to migrate through the 
sample; holes are left in the valence band. Results of 
electrical conductivity measurements show that these 
electrons and holes are not likely to remain free. 
Instead, they will be "trapped" at defect energy levels. 
The trap capturing the electrons is called an electron 
trap. Similarly, the trap where holes are held is called a 
hole trap. In addition, if the band gap is wide, direct 
recombination of electrons and holes after crossing the gap 
is also not likely to happen. From these considerations, 
it can be seen that a large population of electrons and 
holes will be trapped and remain at their traps after the 
ionization radiation has ceased. In other words, 
ionization leads to filling of traps. Following this trap 
filling, confined electrons can be released thermally. 
This is called trap-emptying. The released electrons 
(~tY) 
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Figure 24. Simple Two-Level Model for TL 
(1) Ionization; <2l and C5l Traps 
Filling; <3) Trap Emptying; 
(4) Recombination of Electrons 
and Holes [39] 
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return to the conduction band and subsequently recombine 
with holes at hole traps. If the recombination is 
radiative, then emission of light will take place. In the 
second model, radiation creates a bound pair of an electron 
and a hole. This pair is called an exciton. 
-1 
The hole is 
left in a X 
2 
molecule and the electron is subjected to a 
coulombic attraction from the hole. Because of this, the 
exciton is unstable. The electron in the exciton always 
trys to recombine wih the hole. The result of recombina-
tion depends upon the temperature. At low temperature, if 
the recombination is radiative, then the luminescence will 
occur. At high temperature, the recombination is 
accomplished non-radiatively with the release of a signifi-
cant amount of kinetic energy. After the recombination the 
electron becomes "trapped" in an available vacancy to form 
-1 
an F-center, and X 
2 
molecule which contains the hole, 
moves away along the <110> .<Figure 25) direction and comes 
to stop finally at an interstial position to form a H-
center. If the H-center is close to an impurity ion <e.g., 
2+ 
Mg >, then it may be trapped at the defect. However, 
thermal stimulation may cause the H-center to gain 
mobility. When it moves and meets an F-center, the hole in 
the H-center will recombine with the electron in the F-
center to give luminescence. 
Figure 25. 
---j 
(a) Self-trapped hole CV -center) 
k 
and free electron after irradia-
tion. 
(b) Dissociation of self-trapped 
exciton. X molecule departs in 
2 
a <110> direction following the 
non-radiative recombination of 
e and V . 
k 
(c) H-center forms some distance 
from the E center. 
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The TL intensity I is defined as: 
dn 
h 
62 
I = (3.11) 
dt 
where n· is the concentration of holes in recombination 
h 
site; t is the time. A group of first-order differential 
equations describing the trap-emptying process are: 
dn 
c 
= np - n <N - n> A - n n A 
dt c 
dn 
= n <N - n) A - np 
dt c 
dn 
h 
= -n n A 
dt c h r 
c h r 
(3.12) 
(3.13) 
(3.14) 
where n is the concentration of electrons in the conduc-
e 
tion band; n the concentration of electron in traps; n the 
h 
concentration of holes in recombination sites; N the 
concentration of traps available to electrons; A the 
r 
transition coefficient for trapping electrons to recombina-
tion sites; A the transition coefficient for trapping 
electrons from the conduction band, p the probability of 
trapped electron being thermally released from traps 
<Figure 26) and 
p = 
-F 
K exp <----> = s 
K T 
B 
-E 
exp <----> 
K T 
B 
(3.15) 
r J_1 T 
I 
11 
BAND 
Figure 26. Life Time of Electron Trapped at 
Level Tis t = l exp <EIK T), 
o E 
where E is the trap depth; 
-1 
7, vibrational frequency of 
0 
trapped electron in the trap 
potential well 
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where K = transition probability; 5 = frequency of electron 
interaction with the lattice phonons; F = Helmholtz free 
energy F = E-TS, s ="attempt-to-escape frequency", S = 
entropy of the system. Thus 
s 
s = K exp (- --> 
K 
(3.16) 
B 
From the law of detailed balance s = N v (}" where f\I is 
c 
the density of states in the conduction band. Finally 
c 
during the trap-emptying process, charge neutrality holds: 
n + n = n (3.17) 
c h 
In addition, an assumption is that once a trap is empty, 
the free electron can no longer distinguish between it and 
other traps of the same type. 
To solve the above 3 differential equations, further 
postulates have to be made. First, n << n, so most of 
c 
electrons after ionization are trapped. Also, the rate of 
change of n is small compared with that of n, so n 
constant. 
dn 
c 
Besides 
c dn 
c 
<< (3.18> 
dt dt 
Combination of Equation (3.18) and n << n means that 
c 
lifetime of electron being free is much shorter than being 
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trapped. After these assumptions, th~ TL intensities can 
be expressed now as: 
dn 
h 
I = = pnA n /(An + A<N-n>>; 
dt r h r h 
also n = n (because n << n> thus 
h c 
2 
I<t> = pn /Cn + RCN-n>> 
(3.19) 
(3.20) 
where R = A/A . If we assume the probability of retrapping 
r 
is negligible compared with the rate of recombination, then 
or 
now 
and 
thus 
or 
with 
n A>> A<N-n>; 
h r 
R << n/(N-n>; 
I < t > = pn = ns 
dn 
h dn 
I < t > = = --; 
dt dt 
dn 
I < t > = = ns 
dt 
dn 
= -pn; 
dt 
-E 
p = s exp (----) 
K T 
8 
(3.21) 
(3.22) 
-E 
exp ( ----) ; (3.23) 
K T 
8 
dn 
c dn 
(--- << --) (3.24) 
dt dt 
-E 
exp ( ----) ; (3.25) 
K T 
B 
(3.26) 
(3.27) 
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Equation (3.26> is the first-order kinetics equation 
for TL. Solution of this equation is: 
-E s E 
I Ct> = IC T > = n s exp<---->exp[- rexpC- ---) dtJ (3.28) 
0 K T (3 K 
B T B 
0 
where T = T + (3 t; (1 = constant heating rate; 
0 
no = n(t) 
t = t 
0 
To = T<t> 
t = t . 
0 
T 
The schematic layout of the apparatus used to measure 
-TL data is shown in Figure 27. The cryostat <Figure 28) 
contains the heater and it is connected to a vacuum pump 
and a N gas tank. Operational pressure is ~600 Torr. 
2 
Temperature controller is used to maintain a constant 
0 
heating rate~ (usually chosen about 2 C./5). A photomul-
tiplier tube, PMT CEMI 9635 OB> is operating in the 
integrated current mode. This device is to measure the 
intensity of the TL. High voltage DC power supply is for 
PMT. Digital multimeter is to measure and to display 
sample temperature through a Chromel-Alumel thermocouple. 
Picoammeter is to measure the current from PMT. The TL 
data is recorded in a chart recorder. Finally, the TL data 
is stored and processed in the computer. 
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Schematic Layout of the TL 
Cryostat. 
<1> Filter and/or windows 
<2> PMT T 
<3> Reflecting Cone 
(4) Sample 
<5> Thermocouple <Th/C) 
<6> Heater 
<7> Th/C Feedthrough 
.. 
<B> Heater Power Feedthrough 
(9) Vacuum 
<10> Gas Inlet <N > 
<11> Chamber 2 
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Optical Absorption 
DA occurs in a material when a suitably spaced pair of 
energy levels exist which have an electron in the lower 
level. For the transition to be allowed, one also requires 
that the upper state is of the reverse parity [39J. 
Momentum conservation is possible, even if the levels are 
not vertically displaced on an E, k (energy, momentum) 
diagram, by addition or subtraction of lattice phonons. 
The interaction of the phonons with the optical 
transitions determines the shape of the fundamental 
absorption edge and the width of absorption and emission 
bands. 
In LiF:Mg.Ti, due to the interaction of impurities Mg 
and Ti, there exist a series of discrete energy levels 
within the band gap. Once photons possess enough energies 
(equal to the differences between the various energy 
levels> absorption of a photon may take place. In fact, DA 
of LiF:Mg.Ti at 380 nm is believed to be related to I-V 
dipoles and 310 nm absorption to trimers [28J. 
The theoretical shape of the OA band and the strength 
of the absorption can be computed moderately well, and 
estimates of the defect concentration from the measured 
absorption curves are generally made by comparison with the 
equations developed by Smakula. His equation is: 
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16 n 
Nf = 8.21 x 10 -------- ~(El dE (3.29) 
2 2 
( n + 2) J 
where N = number of defect centers; f = effective 
oscillator strength; n the refractive index n of the 
crystal; <E> = the absorption coefficient at the photon 
energy E; f is defined as: 
4m 2 
f = w I r I (3.20) 
3h ge ge 
where m =mass of an electron; h =Planck's constant; W 
ge 
<E -Ee)/h; r = the position coordinate for this part of 
g ge 
the configuration coordinate diagram; and f represents the 
number of oscillators at each of the allowed frequencies. 
If _;Ll.<E> takes Gaussian form, then Equation <3.27) 
will have the following form: 
17 n 
Nf = 0.87 x 10 w (3.31> 
2 2 max 
(n + 2) 
where.AA = maximum absorption band which is the height 
max 
of QA band; W = width of DA band at half maximum. 
From Equation (3.31>, it can be seen that the 
effective number of defects is directly proportional to the 
height of an DA band. So by performing different annealing 
treatments, a change in the concentration of defects will 
be detected by observing the change in height of an DA 
band. 
DA apparatus <Figur~ 29> consists of a UV-visible 
spectrophotometer. This device is to take DA measurements 
and perform simple manipulation of the stored data. The 
data of DA is stored and processed through the computer 
<IBM PC>. 
Photoluminescence 
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The mechanism of the PL process can be described 
readily through the configurational coordinate diagram. 
Mott and Seitz [41J used the configurational coordinate to 
explain the electronic transitions between an excited state 
and a ground state within the same atom. The configura-
tional coordinate is the displacements of the atoms in the 
neighborhood of the defect. In the ground state the 
electron is in the energy minimum at equilbrium (at point 
A> <Figure 30). After absorption from radiation, the 
electron is in a higher excited state B. If the absorption 
process happens much faster than the interaction process of 
the incident photon with the lattice phonon <Franck-Condon 
Principle>, then Bis vertically above A. In general, the 
minimum of the excited state occurs differently from that 
of the ground state. So once the electron is excited, it 
will return to the minimum of the excited state by losing 
thermal energy. Subsequently, photoluminescence takes 
.3 
Figure 29. 
t r 
[Kl ~ I D 
I ~ 
Layout of OA Apparatus 
<l> an~ <2> UV-Visible Spectro-
photometer, C 3) Computer 
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<l) Photon Absorption 
<2) PL 
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place when the electron goes back from C to D. After PL, 
the electron finally returns to A by rearrangement of the 
configurational coordinate and 1oss of heat. 
process is illustrated in Figure 30. 
* 
The whole 
In LiF:Mg.Ti, Ti <See Chapter II> is believed to be 
the luminesence site around which the configurational 
coordinate is referred to by the displacements of 
neighboring ions. 
A McPherson monochromator and Xenon light source are 
used for excitation. The monochromator was used to select 
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the excitation wavelength from 105 um to 600 um from a 150w 
Xenon lamp. The slit width was 1-2 mm. The Grating is 
1200 per mm. Dispersion is 2.6 nm/mm. A Spex 
monochrometer is used as the selector of the emission 
wavelength. The slit width was 1-5 mm. The Grating is 
1200 per mm. Dispersion is 3.6 nm/mm. A photomultiplier 
tube <EMI 9635 OB> was used to detect the PL emission. A 
pair of CaF lenses is used for focusing the excitation 
2 
beam on the sample. An Omniscribe chart recorder is used 
for recording the emission spectrum or excitation spectrum. 
A high voltage DC power supply maintains DC voltage to the 
PMT. A Picoammeter is used for reading the current from 
PMT. The layout of the PL apparatus is illustrated in 
Figure 31. 
The intensity of the Xenon source has a dependence on 
wavelength. Besides the McPherson monochromator, Spex 
monochromater and PMT have their own quantum efficiency 
which also depend on the wavelength. These make the 
correction of excition spectra and emission spectra 
necessary. Assuming the Xenon source has the intensity 
I (A>; the McPherson monochromater has a quantum 
IN 
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efficiency E ( 7'>; the PMT has a quantum efficiency E <./)>; 
M p 
the measured result of excitation spectrum from the sample 
is I <'A>; the measured result from the Xenon lamp 
measure 
and McPherson monochromater by the PMT is I' ( ;, ) 
measure 
Cboth I CA) and I' C'i\> are obtained in the 
measure measure 
form of experimental curves>; then the actual intensity of 
excitation spectrum from the sample is I ( /) ) : 
act 
I 
measure C /\ 
I = -------------------- (3.32) 
act I' J"'\)/E C}\ 
measure p 
where I ' ( l\ ) = I ( l\ E <7\>E C)'1). 
measure IN M p 
For the emission correction, let the Spex mono-
chromator have a quantum efficiency E</\>; the intensity of 
beam before entering the Sp ex is I ( /°'\ > ; 
IN 
then I ( /\ > 
I f\J 
is: 
r 
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Figure 31. Schematic Layout of PL Apparatu~ 
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I < i\> = 
IN 
I < /\ ) 
measure ) 
E < .7' ) E < }\ > 
p s 
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(3.32) 
To obtain E < l\> E c')\), we use a standard lamp, for the 
p s 
output is well-known; the measured emission from this lamp 
ST 
through the Spex and PMT is I <?\ ) , then 
measure 
ST ST 
I = I < ')\ > E < /\> E <:,A > , 
measure p s 
from this, E < /'.> E <)\> = 
? s 
ST 
I 
measure 
ST 
I < /\ > 
actual emission spectrum now is: 
I < )\ > 
act 
= I ( )\> = 
IN ST 
I 
I 
measure ( /\ > 
ST 
I I < /\ > 
measure 
In summary, all the excitation spectra and the 
(3.33) 
(3.34) 
emission spectra were corrected through Equation (3.32> and 
Equation (3.34>, respectively. 
CHAPTER IV 
EXPERIMENTAL RESULTS AND DISCUSSION 
Thermally Stimulated Depolarization-Currents 
In Figure 32, TSDC peaks of LiF:Mg.Ti <TLD-700) are 
shown following the annealing treatment Cl> which was 
0 
previously described in Chapter III. The PAT is 65 C. 
0 
The TSDC peaked at about -56 C. 
2+ 
c~217K> is due to [Mg V J 
dipoles. Occasionally, some other peaks, such as peak 2 
c~180K> appeared irregularly and with variable heights when 
the TSDC measurements were repeated. With the sample 
inside the cryostat and with the identical application of 
3 
voltage c~10 v>, a series of measurements indicated that 
the height of peak 2 changed randomly. Since we did not 
observe this peak when silver paint was not used, it is 
suspected that the silver paint may be the origin. 
In Figure 33, the variation of the height of the TSDC 
signal is shown for three TSDC peaks. The PAT values are 
0 
105 C. for the top curve 
0 
figure in the middle; 145 
0 
in the figure; 125 
C. for the lowest 
C. for the 
curve. A 
series of measurements was taken at regular intervals of 
0 
temperature c~20 C.>. Overall, the PAT ranged from room 
0 0 
temperature c~22 C.> to 245 C. The final and complete 
result of the changes of TSDC peaks versus PAT is 
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illustrated in Figure 34, where the top curve <solid 
circles> is from the annealing treatments <1>; and the 
bottom (empty circles) is from annealing treatment <2>. 
The valley-like shape of the top curve shows that the decay 
0 
of dipoles is very slow at the beginning <up to 100 C.>; 
0 
becomes faster when the PAT is above 100 C. and reaches a 
0 0 0 
minimum at about 150 C. During the range <100 C. ~ 150 
C.>, the forward reaction in 
2+ -
trimers <namely 3[Mg V J --
the conversion dipoles into 
2+ - 3 
[Mg VJ , see Equation <2.1)) 
predominates and the reverse reaction is very small. As 
0 
the PAT increase above 150 C., the concentration of 
dipoles starts increasing and the initial concentration is 
0 
recovered finally at 250 C. 
0 
During this range <150 
0 
250 C.>, the increase of the dipoles suggests that the 
reverse reaction (dissociation of trimers into dipoles) 
predominates. As a whole, about 35% of the initial dipoles 
decayed at the minimum. 
The annealing treatment <2> <see Chapter III> 
initially maximizes the concentration of trimers. This 
directly implies that the dipole concentration is quite 
small after such treatments. As can be seen from the 
figure, the low-level flat plateau remains when the PAT 
0 
goes from room temperature to about 100 C. This is 
because the trimer is relatively more stable than the 
dipoles as discussed in Chapter I. However, further 
increasing the PAT brings in more and more thermal energy, 
and, as a result, trimers start to break up into dipoles. 
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thus, the dipole concentration goes up until its maximum is 
0 
reached. After 100 C., again, the reverse reaction 
predominates. At last, the two join together after a 
0 
certain PAT <~170 C. in this case>. 
Optical Absorption 
In Figure 35, a typical DA spectrum is displayed. A 
beam of 1.7 Mev electrons obtained from a Van de Graaff 
accelerator was used to irradiate the sample. The incident 
beam current was 2p\A and the irradiation period was 40 
seconds. The distance between the sample and the beam 
outlet was approximately 50 cm. 
The band at 200 nm is believed to be caused by Ti-OH 
complexes and this absorption is present before irradiation 
E28J. The absorption obtained after irradiation is shown 
by the curve 1 from which the 200 nm band was subtracted to 
give the curve 2. In this curve, the peak at about 250 nm 
is well-known and is due to F-centers [40J. A peak at ~445 
nm is due to F -centers E41J. The peaks at 310 nm, 380 nm 
2 
are believed to relate to Mg-type defects; especially we 
suspect that the 310 nm band is related to trimers and the 
380 nm band to dipoles [28J. 
The DA spectrum of TLD-700 was resolved in Figure 36, 
into its individual components. Each component band was 
assumed to be in in the Gaussian form. However, sometimes 
the assumption works and sometimes it doesn't. In the 
latter case, no matter how much time one spends fitting the 
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experimental DA curve, no major improvement would result. 
The explanation involves the speculation that each 
component band is not a perfectly symmetric form such as a 
Gaussian, and in general is probably asymetric [40J. From 
Figure 36, the left-most component band corresponds to 380 
nm c~2.38 ev); the next one to it corresponds to 310 nm 
( ~4. 01 9 ev ) . Ideally, every DA spectrum needs to be 
resolved to obtain the positions and heights of each peak, 
especially the 310 nm and 380 nm bands, for each PAT. 
Unfortunately, due to the slow efficiency of our computer-
fitting routines and unavailability of a better fitting 
program, data presented here are the results of 
estimatations of the heights of the 380 nm and of the 310 
86 
nm from the spectra following each PAT. These factors will 
definitely introduce a certain amount of error. The 380 nm 
band overlaps only with the 310 nm peak and the 310 nm band 
overlaps not only with the 380 nm band, but also with the 
high-energy band next to it. Thus, changes in the height 
of the 380 nm band may "compensate" changes in the 310 nm 
band. We believe the estimations for the 380 nm band are 
more accurate and more reliable than those for the 310 nm 
band. 
In Figure 37, three DA curves were provided to 
demonstrate the relative changes in heights of the 380 nm 
and 310 nm peaks. The Ti-related band at 200 nm was 
already subtracted for faster fitting. The Van de Graaff 
accelerator was used as the irradiation source, since it 
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88 
can provide a higher dose in a shorter period of time than 
the r -ray source. This is important for this experi-
ment. As argued in Chapter II, the shorter the irradiation 
time the fewer will be the amount of dipoles which have 
clustered into trimers during this period. Thus the condi-
tion of maximization of the dipole concentration will be 
maintained before each PAT following which OA measurements 
were performed. 
The change in the 380 nm band height when the sample 
was subjected to the two annealing treatments are displayed 
in Figure 38. The general trends take similar forms to 
those seen from Figure 34 for the TSDC case. This clearly 
suggests that the 380 nm absorption band is closely 
associated with the presence of Mg-dipoles. 
intensity follows the dipole concentration. 
The absorption 
However, the bottom curve shows a discrepancy from the 
Figure 34 in that it remains at a relatively higher plateau 
than is the case with the TSDC data. As discussed 
previously however, the overlapping of the 380 nm band with 
the 310 nm, and the estimation of the peak height from a 
direct measurement of the OA experimental curve <rather 
than a calculation from computer-fitting) probably causes 
this problem. The problem is even worse in the case of 310 
nm band as seen in Figure 39. It is hard to see from it 
that the 310 nm band is caused by trimers, for if that was 
the case, the top curve (following annealing treatment (2)) 
should decrease as the PAT increases. Furthermore, the 
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bottom curve should not be horizontal, because annealing 
treatment (1) should cause the trimer concentration to 
increase at a certain PAT, then decrease afterwards. 
Therefore, it is felt necessary to resolve the experimental 
curves if one wishes to get the "real" height of the 310 nm 
band such that the exact nature of the 310 nm band behavior 
can be revealed. 
Thermoluminescence 
A typical TL glow curve is shown in Figure 40 from 
TLD-700 following -ray irradiation (~330.5 rad). 
0 
As 
seen from the figure, the p_eak 2 is at 123 C; peak 3 at 
0 0 
157 
0 
C.; peak 4 at 193 C. and peak 5 at 220 c. The 
positions of these peaks are in good agreement with the 
results from Harris and Jackson [41] except that the 
0 
position for peak 5 differs by 10 C. 
In Figure 41, four TL glow curves are observed to 
display the change in height of peak 2 and peak 5. As it 
can be seen from the figure, peak 2 decreases as PAT goes 
0 
from 85 C. 
curve 2. 
0 
to 145 C., and peak 5 increases except for 
The final results of the changes in the heights of TL 
peak 2 and peak 5 are illustrated in Figures 42 and 43. A 
comparison is made between Figure 34 and Figure 42. The 
general trends from two figures indicate strong similari-
ties both between the top two curves and the bottom two 
curves. As in the case of TSDC, heights of peak 2 undergo 
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changes through basic three regions. The first region is 
initial decay and continues until a minimum is reached, 
0 
again, at about 150 C. This is the second region. The 
last region is the recovery region. 
0 
After passing 150 C., 
the height of peak 2 starts to rise and returns to its 
0 
initial height at a PAT of ~250 C. 
The similarities are reinforced also from a 
consideration of the bottom curves. For TL peak 2, from 
0 
room temperature up to 120 C., it is as stable as the 
dipole concentration (in the case of TSDC> and starts 
0 
rising when the PAT is above ~120 C. eventually joining 
the top curve in a very similar way as dipoles do in Figure 
34. Above all, the similarities 
positive correlation between the 
2. 
affirmatively lead to the 
2+ -
Mg V dipole and TL peak 
A careful look at Figures 34 and 42, however, reveals 
that the decrease of TL peak 2 is more than that of TSDC at a 
2+ -
particular PAT. This implies that not only Mg V dipoles 
but also some other defects give rise to the TL peak 2. 
2+ -
Recall that in Chapter II, the complex [Mg V J/Ti was proposed 
to explain this peak. It seems now that is the case. 
* Possibly, the association of a dipole with a dipole/Ti 
complex was taking place when the TL peak 2 was produced. 
We know that TSDC results from the presence of dipoles and 
TL peak 2, according to our result, from the complex dipole 
+ 
Ti In addition, concentration of dipoles is much more 
+ 
than dipole/Ti <the former is around ~ioo ppm, the latter 
97 
less than 10 ppm). There are probably two paths to cause 
the extra decay of TL peak 2. First, that three dipoles 
cluster together to form a trimer in TSDC is a third order 
reaction. However, the reaction sf a dipole associated 
+ 
with dipole/Ti in TL is the second order, which is 
supposed to be faster than the third order. Consequently. 
this leads to that TL peak 2 decays more than TSDC. The 
second path will be readily explained by the following two 
reactions: 
k 
2+ - 1 
3[Mg V J --
k 
2 
2+ - 3 
[Mg V J ( 4. 1 ) 
where each notation remained as defined before except that 
k is forward reaction constant and k back reaction 
1 2 
constant. 
2+ -
[Mg V J + 
k I 
* 1 2+ - * 
Ti == [Mg V J/Ti 
k I 
2 
( 4. 2) 
where similarly k ' 
1 
is forward reaction constant and k 
2 
back reaction constant. From those two reactions, we can 
see that Equation (4.1) will proceed forward and Equation 
<4.2> will proceed backward. Therefore, when TSDC decays, 
so does TL peak 2. In addition, the reaction constant k ' 
2 
is different from k ', causing the decay in TL peak 2 ta be 
1 
different from that in TSDC. 
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Figure 43 shows the data for TL peak 5. The bottom 
curve is for the annealing treatment (2) and broadly fits 
our expectations, assuming this curve is related to 
trimers. As we heat the crystal we expect that more and 
more trimers dissociate into dipoles. Thus the concentra-
tion of trimers should reduce gradually as the PAT 
increases. We ~ould not get support for this notion from 
the top curve, however, since it also goes down gradually 
and we expected it goes up gradually, reaching maximum at 
0 
certain PAT such as 150 C. and then going down. Once 
again, the result of top curve is less reliable due to the 
overlapping with peak 4. As it can be seen from Figure 40, 
0 
the degree of overlap between peak 4 and peak 5 <~27 C. 
difference in peak positions) is much greater than between 
0 
peaks 2 and 3 c~34 c. difference in peak positions). 
Therefore, the exact behavior of the TL peak 5 can be 
obtained only if the TL glow curve is fully resolved into 
individual component bands as is the case for the DA band 
at 310 nm. 
From these discussions based on Figures 34, 38, 42 and 
43, the questions we asked before in Chapter II now have 
2+ - * 
answers. First, the TL peak 2 is caused by [Mg V J/Ti 
* i.e., the complex of the dipole and Ti Thus~ the model 
proposed by Grant and Cameron [26] is an incomplete model 
2+ -
in which the [Mg V J dipole is believed to be solely 
* 
responsible for the TL peak 2. It is wrong that only Ti 
(see Chapter II> is responsible for the peak as proposed by 
Taylor and Lilley [27J. 
* 2+ - * 
and Ti , or [Mg V J/Ti 
2+ -
It is the combination of [Mg V J 
that is responsible for the TL 
peak 2 as proposed by Mckeever [28J. Second, the sugges-
tion that the TL peak 5 is caused by trimers cannot be 
fully confirmed unless the glow curve is resolved into 
99 
individual bands, even though, we have a weak evidence that 
trimers were involved in the production of the peak. At 
last, it remains as a question that whether the 
* 2+ - * 
of the trimer and Ti , or [Mg V J/Ti instead 
3 
] only is related to the TL peak 5. 
Photoluminescence 
combination 
2+ -
of [Mg V 
Figure 44 shows a PL emission spectrum (peaked at 
approximately 385 nm> obtained following excitation at 200 
nm <empty circles>. The spectrum was deconvoluted into 
three Gaussian component bands. The top component band is 
at 3.20 ev; the middle component band at 2.95 ev; the 
bottom band at 2.93 ev. The PL emission spectrum of 
Delgado's [32J has a complex emission peak at 420 nm. The 
positions of three component bands are 3.01 ev, 2.88 ev, 
and 2.70 ev, respectively [33]. The overall band in our 
data has shifted 0.27 ev compared with the peak from 
Delgado. There are probably two reasons to cause this 
difference. First, the annealing treatment of ours is 
different from his (including the cooling method). Second, 
the temperature at which the PL emission spectrum was 
0 
performed is different. He did at 210 C. We did at room 
1 
08 
"' :J 
0 
\.,,../ 
>- 06 f-
~ 
en 
z 
w 
f-
z 
.04 ~ 
t--
I 
L) 
~ 
_J 
.02 
0 
2 
• 
" 
i 
' I 
~· 
•••• 
u 
• 
• 
.. 
, 
,, 
11>1 
• 
' I 
' / 
I 
, 
, 
-7 _. - -... 
-
2. 4 
100 
~l ,,. "t 
u u uu 
,...oroo. f•C~ lo•I 
p\_ ~-+ .. (. 
r I I 
I 
I 
' I 
I 
I 
J 
I 
I 
J 
I 
I 
I 
I 
a.95 
- . . .i -
... 
,, J-!j _ ' 
- -'-c 
-
- -~ - -
2. 8 3. 2 3 6 4- 4. 
PHOTON ENERGY (~I/) 
Figure '-. <.. Resolution of PL Emission at £;00 nm 
i .-, t 0 1hree Component 8..!nrlc;. 1h1i' 
FiqurPs on the 1op are from 
Delgado [32) 
4 
0 
temperature c~24 C.>. In addition, he used TLD-100. 
used TLD-700. The difference in peak positions from TL 
We 
data has already been observed in TLD-100 and TLD-700 in 
101 
the previous section. Therefore, we may think the shift of 
the peak position in emission spectra is also due to the 
use of a different type of the LiF sample. Another 
striking difference of our spectrum from Delgado's is the 
tap component band is much higher than the lower two compo-
nent bands. The main reason we think is from the thermal 
quenching effect. This effect means that the relative 
heights of two or more than two PL emission bands depend 
upon the temperature at which the PL experiments were done 
and which of two bands were compared. In addition, for a 
known peak, the lower the temperature, the sharper (or 
higher> is the emission peak. These factors contribute to 
our difference from Delgado's. 
In Figure 45, we see the PL emission spectrum obtained 
following excitation at 200 nm. The band width of the 
detection system is 3.6 nm/mm. The four curves ~epresent 
four different annealing treatments as described in the 
figure caption. From the figure, we observed that curves 2 
and 3 produce no change in the spectrum, curve 4 produces a 
slight increase relative to curves 2 and 3. Above all, 
curves 2, 3 and 4 are much higher than curve 1. Recall in 
our OA spectrum, 200 nm band is due to Ti-OH alone and is 
not related to Mg defects. When subjected to the different 
annealing treatments (1) and <2>, OA band at 200 nm does 
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not alter, therefore emission from this center does not 
alter either. This explains why there is no change from 
curves 2 and 3. When the sample underwent the precipita-
tion treatment, the Suzuki phase 6 LiF.MgF was formed. 
* 2 
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During the formation of this phase, Ti is insoluble in the 
* precipitate which may nucleate on the Mg defect/Ti 
* 
complexes. Thus, as the precipitates grow, Ti may be 
rejected from the nuclei [28] and produce slight increase 
in the emission spectrum. The curve 1 is from the sample 
which is "as received". It is unknown what kind of thermal 
history the sample has experienced. But during a long 
period of storage time, we can assume the formation of a 
more stable precipitate, i.e., MgF <Figure 46). Ti 
2 
existing in the crystal probably dissolves into this pre-
cipitate. As a result of the decrease of this amount of 
Ti, the curve 1 appears to be much lower than the other 
three curves 2, 3 and 4. From here, we have suspicion that 
6 LiF.MgF 
2 
tends to reject Ti during its growth, but MgF 
2 
may attract Ti. The final figure <Figure 47> shows again 
four curves, but in normalized coordinate where no changes 
in shapes of these curves were observed. 
The analysis so far is from the sample prior to 
irradiation. After irradiation, we observed no new PL 
signals following the excitation at 380 nm and 310 nm. 
This is consistent with the conclusion we had already 
reached before in OA selection that 380 nm absorption band 
2+ - * 
is due to dipoles only, not [Mg V J/Ti The absence of 
* Ti thus leads to no emission if the crystal were excited 
at 380 nm and 310 nm. However, if the excitation was set 
at 445 nm, we did see emission <Figure 48) peaked at 500 
nm. Absorption at 445 nm is due to F -centers which were 
2 
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formed after high dose or after heavy charge particle <HCP) 
irradiation. Horowitz [43] reported after high dose and/or 
HCP irradiation, one would get longer wavelength emission. 
We believe that re-absorption of ordinary emission at 445 
nm will produce long A emission, i.e., non-radiative 
energy transfer. Another finding is that excitation at 250 
nm <LiF, F-center) does not cause any emission. This 
probably indicates that F-center is distant from Ti. The 
absorbed photon energy at 250 nm was simply released 
through phonon processes. 
In summary, annealing treatments <1> and (2) don't 
make a difference in the PL spectra. Suzuki phase growth 
increases the emission slightly. The as-received sample 
probably has a stable precipitation MgF formed to result 
2 
in an apparent decrease in emission compared with the 
annealing treatment (1) and (2). The 
DA band at 380 nm is directly related 
correlation 
2+ -
to EMg V J 
has been supported. Non-radiative energy transfer 
that the 
dipoles 
resulting in long wavelength emission due to absorption by 
F -centers probably takes place. At last, absorption by F-
2 
centers <250 nm) does not give rise to new emission signals. 
Dipole-Dipole Interactions and 
TSDC in TLD-700 
108 
In order to see the dipole-dipole interaction effect 
on the TSDC data obtained from TLD-700, two sets of 
measurements have been done. First, with one sample, the 
annealing treatment <2> was used before each PAT. Then, 
the relations of dipole concentrations and activitation 
energy versus PAT were obtained. Figure 49 shows the 
result of the activation energy versus dipole concentra-
ti on. The energy values are from the Bucci-Fieschi fit. 
It can be seen from the figure that, if low concentration 
data are ignored, the general trend of activation energy 
versus dipole concentration for this "clustered" crystal is 
the same as that reported by Aceituno and Cusso [36J, i.e., 
the activiation energy decreases as the dipole concentra-
tion increases up to 100 ppm. Recall this relation was 
obtained from the PAT method by means of which the dipoles 
cluster into trimers to different degrees. In order to 
see if there is a similar relation present in case of no 
clustering, a second set of measurements were done right 
after the annealing treatment <1> without PAT treatments 
from different content of LiF sample. The results were 
shown in Figure 50. It can be seen from it that there is 
no obvious ·trend, in other words, the data are scattered in 
such a way that one can hardly say if the activation energy 
decreases or increases as the dipole concentration 
increases. This figure was obtained from the Bucci-Fieschi 
,,-, . 74 
> 
OJ 
...._,, 
>-
LJ 
er: 
.- (\ L w ~d 
I z w ' I 
z 
0 
~ 
t-
-
62 
< 
> 
~ 
!-
LJ 
< 
....- r' 
. :JO 
0 
109 
::).-..__ 
• 
---
1: 
----------l ,, i; 
l ~--
"' 
~ 
' 
', b / 
'"" 
\ 1 
-~ I ~ I 
1 
; 
t 
,- A 
0 -1-32 
DIPOLE CONCENTRATIONCppm> 
;;:iguret..q. Var1at1on of Activation Ener-gy 
versus Dipole Concentraticnof 
Clustered Crystal from Bucci-
Fiescni Fit 
.74 
.68 
"' > 
OJ 
"'-/ 
z 
D ;= ;6 
< 
> 
1--
LJ 
1 .! 
I 
! 
• 
I 
I 
I 
t 
L 
110 
i 
I 
I 
I 
\ 
! 
l 
<: ~ -+-~~~~~~~---~~~~~~~~~~~~~~~; 
0 80 160 
CIPOLE CONCENTRATIONCpp~ 
Figure 50. Va-iation of Activ•tion Energy 
versus Dipole Concentr•tion for 
Non-Clustered Crystal from 
B0cci-Fieschi Fit 
" 
. 7 4 
> 
Q) 
'-' 
>-
L'.) 
a:: 
. 66 w 
z 
w 
z 
0 
~ 
. 58 -..__ 
< 
> 
..._..... 
I-
LJ 
< 
.5 
0 
-------------------1 
J 
0 
-
0 
1 
t 
0 
70 140 /10 
DIPOLE CONCFNTRATIONCppm) 
F1yure 51. qctivation Energy versus Dipole Concentration 
through Interaction Fit for Non-Clustered 
Crystal 
I 
112 
fit. The corresponding results from dipole-dipole 
interaction fit are shown in Figure 51. From this figure, 
an apparent trend (activation energy versus the dipole 
concentration> appears. Roughly, it seems to be similar to 
that in Figure 50. Therefore, so far our results pretty 
much agree with Aceituno and Cusso [36J. 
Emphasis was also placed upon the effectiveness of 
different fitting routines. It has been reported that 
dipole-dipole interaction fit proves to be better than the 
monoenergetic fitting routine in alkali earth halides [35J. 
The width parameter p has been introduced <see Chapter III, 
Equation C3.7>> to solve the breading problem of the TSDC 
peak successfully. However, the situation in which the 
interaction fitting does not improve the fit was also 
reported in alkali halides [36J. In the process of 
obtaining Figures 50 and 51, two models were used - the 
interaction fit and the Bucci-Fieschi fit, to see which one 
is better. Results show that for low concentrations of 
dipoles, the TSDC is weak. Fitted activation energy E-
values show large error and in this case, the interaction 
fit seems to fit better than Bucci-Fieschi fit. At high 
concentration, the interaction fit gives little improvement 
and is sometimes worse than the Bucci-Fieschi fit. In 
comparison, a fitting by use of two models is illustrated 
in Figure 52. 
The relation of p-factor with dipole concentration is 
shown in Figure 53. Above 40 ppm, it can be seen from the 
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figure the p-factors are small and constant up to 250 ppm. 
This agrees with Aceituno and Cusso [36] where no improve-
ment from interaction fit for alkalide halide system was 
observed, especially above 100 ppm. We did some extra 
measurements. We went to the concentration range below 40 
ppm. It can be seen from the figure, the p-factors 
decreased monotonically with the increase in the dipole 
concentration. This result is just opposite to that from 
Weperan [35J where the p-factors increase directly propor-
tional to the dipole concentration in alkali earth halide 
system. From this difference, we are led to the conclusion 
which we previously stated that there were no dipole-dipole 
interactions involved in our system for the conc~ntration 
range we were working with. But, what causes the p-factor 
to behave in such a strange way remains a question now, 
which is expected to be solved in the future. 
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